PURPOSE. Cornea confocal microscopy is emerging as a clinical tool to evaluate the development and progression of diabetic neuropathy. The purpose of these studies was to characterize the early changes in corneal sensitivity and innervation in a rat model of type 1 diabetes in relation to standard peripheral neuropathy endpoints and to assess the effect of Ilepatril, a vasopeptidase inhibitor which blocks angiotensin converting enzyme and neutral endopeptidase, on these endpoints.
D
iabetic neuropathy is a common complication of diabetes with no known treatment. 1 Translation of effective treatments of diabetic animal models to humans has failed in clinical trials. 2 This is due in part to endpoints in animal studies that were insensitive when applied in human studies. 2 To address this issue corneal confocal microscopy has emerged as a tool to measure small nerve fiber damage as a surrogate marker for the early detection of diabetic neuropathy. [3] [4] [5] [6] [7] [8] Previously we compared the effect of diabetes on standard nerve functional endpoints in a rat model of type 2 diabetes to changes in subbasal corneal innervation and corneal sensitivity. 9 We found that after 20 weeks of a high fat diet and 12 weeks of hyperglycemia there was a decrease in corneal nerve fiber length and a decrease in corneal sensitivity as well as deficits in nerve conduction velocity, thermal hypoalgesia, and decrease in intraepidermal nerve fiber density in the hindpaw. In the present study we sought to determine the early effect of diabetes on subbasal corneal nerves, corneal nerves innervating the epithelium, and corneal sensitivity. We predict that decreased innervation of the epithelium occurs early in diabetes, as does loss of intraepidermal nerve fibers in the skin, and prior to a decrease in subbasal corneal nerve fibers. In these studies we also sought to determine if treating diabetic rats with Ilepatril prevents loss of nerve fibers in the cornea and preserves corneal sensitivity. We have demonstrated that Ilepatril, a vasopeptidase inhibitor that inhibits angiotensin converting enzyme and neutral endopeptidase, is an effective treatment for diabetic neuropathy as determined by evaluation of nerve conduction velocity, thermal nociception, and intraepidermal nerve fiber density of the skin from the hindpaw.
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METHODS
Unless stated otherwise all chemicals used in these studies were obtained from Sigma Chemical Co. (St. Louis, MO).
Animals
Male Sprague-Dawley (Harlan Sprague Dawley, Indianapolis, IN) rats 10 to 11 weeks of age were housed in a certified animal care facility and food (Harlan Teklad, #7001, Madison, WI) and water were provided ad libitum. All institutional guidelines for use of animals were followed. The studies performed adhered to the ARVO position for the use of animals in ophthalmic and vision research. At 12 weeks of age the rats were separated into two groups. One of these groups was treated with streptozotocin (55 mg/kg in 0.9% NaCl intraperitoneally [IP] ) to induce type 1 diabetes. The other group was treated with vehicle and served as the control. Diabetes was verified 48 hours later by evaluating blood glucose levels with the use of glucose-dehydrogenase-based reagent strips (Aviva Accu-Chek; Roche, Mannheim, Germany). Rats having blood glucose level of 300 mg/dL or greater were considered to be diabetic. Once diabetes was confirmed, all diabetic rats were treated daily with 2 units of Lantus insulin glargine (Sanofi-Aventis, Bridgewater, NJ) per day to maintain body weight. Insulin treatment did not prevent hyperglycemia. 13 After 2 weeks diabetic rats were divided into two groups. One group was maintained on the normal diet and the other group was treated with Ilepatril (500 mg/kg in the diet) for 6 weeks. [10] [11] [12] Thus, the total duration of diabetes was 8 weeks.
Thermal Nociceptive Response, Tear Secretion, and Corneal Sensitivity Thermal nociceptive response in the hindpaw was measured using the Hargreaves method as previously described. 12, 14 Data were reported in seconds. Tear secretion was determined using phenol red-impregnated cotton threads (Zone-Quick; Showa Yakuhin Kako Co., Tokyo, Japan). 8, 9 The threads were placed in the medial canthus for 1 minute and the length of the wetted section was measured in millimeters. Corneal sensation was measured using a Cochet-Bonnet filament esthesiometer in unanesthetized rats (Luneau Ophtalmogie, France). 8, 9 The testing began with the nylon filament extended to the maximal length (6 cm). The end of the nylon filament was touched to the cornea. If the rat blinked (positive response) the length of the filament was recorded. If the rat did not blink then the nylon filament was shortened by 0.5 cm and the test repeated until a positive response was recorded. This process was repeated for each eye three times.
Motor and Sensory Nerve Conduction Velocity
On the day of terminal studies rats were weighed and anesthetized with Nembutal (50 mg/kg IP, Abbott Laboratories, North Chicago, IL). Motor nerve conduction velocity was determined as previously described using a noninvasive procedure in the sciatic-posterior tibial conducting system. 12, 15 Sensory nerve conduction velocity was determined using the digital nerve as described by Obrosova et al. 16 Motor and sensory nerve conduction velocity was reported in meters per second.
Corneal Innervation
Subbasal corneal nerves were imaged using the Rostock cornea module of the Heidelberg Retina Tomograph confocal microscope as previously described. 9 The anesthetized rat was secured to a platform that allowed adjustment and positioning of the rat in three dimensions. A drop of GenTeal (lubricant eye gel; Novartis Pharmaceutical Corp., East Hanover, NJ) was applied onto the tip of the lens and advanced slowly forward until the gel contacted the cornea allowing optical but not physical contact between the objective lens and corneal epithelium. 3 Ten random high-quality images without overlap of the subbasal nerve plexus around the perimeter of the central cornea were acquired by finely focusing the objective lens to maximally resolve the nerve layer just under the corneal epithelium. It has been recently reported in human studies that acquiring eight random images not overlapping by more than 20% is a sufficient sample size for quantification of corneal subbasal nerve parameters. 17 The investigator acquiring these images was masked with respect to identity of the animal condition. After acquisition of these images, the total corneal thickness of the central cornea was determined. For these studies a single parameter of corneal innervation was quantified. Corneal nerve fiber length defined as the total length of all nerve fibers and branches (in millimeters) present in the acquired images standardized for area of the image (in square millimeters) was determined for each image by tracing the length of each nerve in the image, summing the total length and dividing by the image area. 3, 8, 9 The corneal fiber length for each animal was the mean value obtained from the 10 acquired images and expressed as millimeters per square millimeter. Based on receiver operating characteristic (ROC) curve analysis corneal nerve fiber length is the optimal parameter for diagnosing patients with diabetic neuropathy and has the lowest coefficient of variation. 3, 4 Other parameters commonly determined in human studies are corneal nerve fiber density, corneal nerve branch density, corneal nerve fiber width, and corneal nerve fiber tortuosity. 3, 4, 6, [18] [19] [20] However, differences in sampling and quantification of these parameters suggest caution when interpreting findings and the need for more studies to determine the most accurate sampling method for these other corneal parameters. 20 In rats we have observed little corneal nerve fiber branching and have not tested the other parameters.
Additional measurements included nonfasting blood glucose and hemoglobin A 1 C levels (Glyco-tek affinity column; Helena Laboratories, Beaumont, TX). Serum was collected for determining levels of free fatty acid, triglyceride, free cholesterol, and angiotensin converting enzyme activity, using commercial kits from Roche, Sigma Chemical Co., Bio Vision (Mountain View, CA), and ALPCO Diagnostics (Salem, NH), respectively. Serum thiobarbituric acid reactive substances levels were determined as a marker of oxidative stress as previously described. 12, 14, 15 Vascular Reactivity in Posterior Ciliary Artery
The ophthalmic artery travels along the inferior side of the optic nerve sheath and divides into three branches: the central retinal artery and medial and lateral posterior ciliary arteries. We isolated both ciliary arteries for vascular studies using videomicroscopy by carefully removing the entire eye along with the optic nerve and trimming excess tissue from the desired vessels. 9, 12 The isolated vessels were cannulated at both ends with glass micropipettes filled with buffer (48C) and secured with 10-0 nylon monofilament sutures (Ethicon, Cornelia, GA). The pipettes were then attached to a single pressure reservoir (initially set at 0 mm Hg) under condition of no flow. The organ chamber containing the cannulated vessels was then transferred to the stage of an inverted microscope (CK2; Olympus, Lake Success, NY) as previously described. 9, 12 The organ chamber was connected to a rotary pump (Masterflex; Cole Parmer Instrument, Vernon Hills, IL), which continuously circulated 378C oxygenated Krebs-Henseleit physiological saline solution (PSS) of the following composition: NaCl 118 mM, KCl 4.7 mM, CaCl 2 2.5 mM, KH 2 PO 4 1.2 mM, MgSO 4 1.2 mM, NaHCO 3 20 mM, Na 2 EDTA 0.026 mM, and glucose 5.5 mM at 30 mL/ min. The pressure within the vessel was then slowly increased to 60 mm Hg. At this pressure, we found that KCl gave the maximal constrictor response. Therefore, all of the studies were conducted at 60 mm Hg. Internal vessel diameter (resolution of 2 lm) was measured by manually adjusting the video micrometer. After a 30-minute equilibration, KCl was added to the bath to test vessel viability. Vessels failing to constrict by at least 30% were discarded. After they were washed with PSS, vessels were incubated for 30 minutes in PSS and then constricted with phenylephrine (10 À6 M; Cayman Chemical, Ann Arbor, MI) to 30% to 50% of passive diameter. Afterwards, a cumulative concentration-response relationships was evaluated for acetylcholine (10 À8 -10 À4 M). At the end of each dose response curve papaverine (10 À5 M) was added to determine maximal vasodilation. Data was presented as percent relaxation.
Intraepidermal Nerve Fiber Density in the Hindpaw and Innervation of the Epithelium of the Cornea
Immunoreactive nerve fiber profiles innervating the skin from the hindpaw and epithelium of the cornea, which are primarily sensory nerves, were visualized using confocal microscopy. Samples of skin of the right hindpaw and strips of the medial cornea extending across the entire diameter of the cornea were fixed, dehydrated, and embedded in paraffin. Three sections (7 lm for skin and 10 lm for cornea) for each animal were collected and immunostained with anti-PGP9.5 antibody (rabbit anti-human, AbD Serotic; Morpho Sys US Inc., Raleigh, NC) overnight followed by treatment with secondary antibody Alexa Fluor 546 goat anti-rabbit (Invitrogen, Eugene, OR). Profiles were counted by two individual investigators that were blinded to the sample identity. All immunoreactive profiles were counted and normalized to length. 12, 21 Data Analysis
Results are presented as mean 6 SEM. Comparisons between the control and diabetic untreated and treated rats were conducted using a one-way ANOVA and Bonferroni-Dunn test for multiple comparisons (Prism software; GraphPad, San Diego, CA). Concentration-response curves for acetylcholine was compared using a two-way repeated measures ANOVA with autoregressive covariance structure using proc mixed program of SAS (Statistical Analysis System, SAS Institute Inc., Cary, NC). 9, 21 A P value of less than 0.05 was considered significant.
RESULTS
Effect of Streptozotocin-Diabetes and Treatment with Ilepatril on Weight, Blood Glucose and Serum Lipid, and Thiobarbituric Acid Reactive Substances
Data in Table 1 demonstrate that diabetic rats continued to gain weight after the induction of diabetes, but this was significantly reduced compared to control rats. Treating diabetic rats with Ilepatril did not improve weight gain. Blood glucose levels were significantly increased in untreated and treated diabetic rats compared to control rats as were hemoglobin A 1 C levels. Data in Table 2 demonstrate that diabetic rats were hyperlipidemic, with serum triglycerides, free fatty acids, and free cholesterol levels all significantly elevated above control. Serum thiobarbituric acid reactive substances were also significantly increased in diabetic rats. Treating diabetic rats with Ilepatril significantly decreased serum triglyceride and cholesterol levels. In contrast serum free fatty acid levels and thiobarbituric acid reactive substances remained elevated in Ilepatril-treated diabetic rats. Angiotensin converting enzyme activity in the serum was increased by diabetes and significantly reduced with Ilepatril treatment.
Effect of Streptozotocin-Diabetes and Treatment with Ilepatril on Nerve Conduction Velocity, Thermal Nociception, and Intraepidermal Nerve Fiber Density
As we previously reported type 1 diabetes caused a significant decrease in motor and sensory nerve conduction velocities and this was significantly improved by Ilepatril treatment (Fig.  1) . 10, 11 Type 1 diabetic rats after 8 weeks of diabetes were also thermal hypoalgesic and innervation of the epidermis was decreased (Fig. 2) . Both of these deficits were prevented by treatment with Ilepatril.
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Effect of Streptozotocin-Diabetes and Treatment with Ilepatril on Corneal Sensitivity and Innervation Figure 3 provides representative illustrations of nerve fibers innervating corneal epithelium (Fig. 3A) and the subbasal layer (Fig. 3B ) from control, diabetic, and Ilepatril-treated diabetic rats. After 8 weeks of diabetes, innervation of the corneal epithelium was significantly decreased (Fig. 3C) ; whereas, subbasal corneal nerves were not impaired. Treating diabetic rats with Ilepatril significantly increased innervation of the corneal epithelium, and the increase was even significantly greater than in control rats. Tear secretion was significantly decreased in diabetic rats compared to control rats and this was not improved by treating diabetic rats with Ilepatril (Table 2) . Corneal sensitivity as determined using Cochet-Bonnet filament esthesiometer was significantly decreased in diabetic rats compared to control rats, and this was completely prevented by treating diabetic rats with Ilepatril (Table 2 ). In this study a positive blinking response to the 6-cm-long filament (most sensitive) was obtained in 7 of 9 control rats, 4 of 10 diabetic rats, and 10 of 10 diabetic rats treated with Ilepatril. Corneal thickness was not changed by diabetes of 8 weeks' duration ( Table 2) .
Effect of Streptozotocin-Diabetes and Treatment with Ilepatril on Acetylcholine-Mediated Vascular Relaxation by Posterior Ciliary Arteries
We have previously demonstrated that high fat/streptozotocininduced diabetes caused a decrease in acetylcholine-mediated vascular relaxation in posterior ciliary arteries. 9 Figure 4 Data are presented as the mean 6 SEM. One unit of angiotensin converting enzyme activity is defined as the amount of enzyme required to release 1 lmol of hippuric acid per minute and per liter of serum at 378C. *P < 0.05 compared to control, þP < 0.05, compared to diabetic. Parentheses indicate the number of experimental animals.
demonstrates that acetylcholine-mediated vascular relaxation in posterior ciliary arteries was also impaired in type 1 diabetic rats after 8 weeks of hyperglycemia. Treating diabetic rats with Ilepatril for 6 weeks partially improved acetylcholine-mediated vascular relaxation.
DISCUSSION
Corneal confocal microscopy, a noninvasive in vivo imaging procedure that can be performed repeatedly, provides an assessment of subbasal corneal sensory nerve structure, and can detect early nerve damage in diabetic patients. 3, 6, 22, 23 It has been proposed that imaging of diabetes-induced changes of these nerves as well as measurement of corneal sensitivity may be used as surrogate markers for diabetic neuropathy. 4, 6, 20, 24 An important result in this study was the finding that innervation of corneal epithelium was decreased prior to a detectable decrease of subbasal corneal nerves. If this would also occur in humans it could have major clinical implications, suggesting that development of methodology to image in vivo corneal nerves in the epithelium may provide an earlier endpoint for the evaluation of development and treatment of diabetic neuropathy than confocal imaging of subbasal corneal nerves. 25 The corneal epithelium is one of the most densely innervated superficial tissues in the human body with an estimated 7000 nociceptors/mm 2 . 25, 26 These nociceptors activate corneal reflex in response to mechanical, chemical, and temperature stimuli. 25 The cornea is innervated by myelinated Ad-and unmyelinated C-fibers. Ad-and C-fibers can be clearly distinguished by fiber diameter and, while running in the basal epithelial plexus, by their spatial arrangement. 25, 27 The decrease in innervation of corneal epithelium of diabetic rats was mirrored by a decrease in corneal sensitivity as measured by Cochet-Bonnet filament esthesiometer and tear secretion and intraepidermal nerve fiber density in the skin of the hindpaw as well as impairment of other standard endpoints for diabetic neuropathy. Assessing intraepidermal nerve fiber pathology has been shown to be useful in identifying patients with small fiber neuropathy. 28 However, this is an invasive procedure that requires a high degree of expertise to reproducibly process and quantify. Imaging subbasal corneal nerves and perhaps corneal nerves of the epithelium may provide an improved approach for assessing small nerve fiber pathology that would be better tolerated by patients, especially if repeated sampling is required.
After 8 weeks of diabetes we did not observe a decrease of subbasal corneal nerves. This outcome is different from a similar study we performed with rats fed a high fat diet and treated with low-dose streptozotocin as a model for type 2 diabetes. 9 However, in those studies rats were fed a high fat diet for 20 weeks and were hyperglycemic for the final 12 weeks of the 20-week period. Therefore, the duration of hyperglycemia was longer in the studies using type 2 diabetic rats than in these studies. 9 The type 2 diabetic rats used in our previous study were also hypertensive. Whether elevated blood pressure contributes to corneal nerve impairment in humans is disputed after two studies from the same group of investigators obtained differing results that may be dependent on severity of diabetic neuropathy of patients upon entry into the study. 5, 18 It should also be noted that the type 2 diabetic rats in our study were extremely insulin resistant. 9 In our present study the type 1 diabetic rats were treated daily with a low dose of insulin in order to maintain body weight. The dose of insulin used did not correct hyperglycemia. However, the low dose of insulin could have affected corneal nerve fiber damage. Neurons express insulin receptors, and it has been shown that insulin can improve nerve function. 29 Another caveat to keep in mind is the relatively small number of animals studied compared to most human studies. It could be that a larger sample size may provide a statistical difference. Overall, these factors could contribute to the difference in corneal nerve damage as assessed by corneal confocal microscopy observed in our studies of type 1 and type 2 diabetic rats.
Yin et al. 8 using streptozotocin-induced diabetic rats of 8 weeks' duration demonstrated decreased tear secretion, attenuated corneal sensitivity, and reduced subbasal innervation. Corneal thickness was unchanged and innervation of the epithelium was not examined. Our results are consistent with those of Yin et al. 8 except for reduced subbasal corneal innervation. Even though both studies were performed using Sprague-Dawley rats after 8 weeks of hyperglycemia there are a number of differences in the design of the two studies that may explain why unlike Yin et al. 8 we did not observe a decrease in FIGURE 1. Effect of streptozotocin-diabetes and treatment with Ilepatril on motor and sensory nerve conduction velocity. Motor and sensory nerve conduction velocity was examined as described in the Methods section. Data are presented as the mean 6 SEM in meters per second. The number of rats in each group was the same as shown in Table 1 . *P < 0.05 compared to control rats; þP < 0.05 compared to diabetic rats. subbasal corneal innervation. The studies by Yin et al. 8 were initiated with 6-week-old rats compared to our studies using rats that were 12 weeks of age. In younger rats nerves are still developing and growing. Inducing diabetes at a younger age may arrest nerve development contributing to the appearance of nerve degeneration. In addition, to induce diabetes Yin et al. 8 used two daily doses of 40 mg/kg streptozotocin compared to our single injection of 55 mg/kg. Lastly, we treated our diabetic rats with a low dose of insulin daily. Even though the dose of insulin did not correct hyperglycemia it could have provided some degree of nerve protection, and it is possible that a longer duration of diabetes using our protocol will be necessary to observe a decrease in subbasal innervation of the cornea.
The posterior ciliary artery is the main source of blood supply to trigeminal nerves in the orbit, cornea, and the optic nerve head, and it also supplies the choroid up to the equator, the retinal pigment epithelium, the outer portion of the retina, and the medial and lateral segments of the ciliary body and iris. That makes the posterior ciliary artery the most important part of the ocular and optic nerve head circulation. Disturbances in the posterior ciliary artery circulation could contribute to a variety of ocular and vascular disorders. 30 In the rat, vascular reactivity of the posterior ciliary artery is mediated by peptidergic, adrenergic, and nitrergic innervation/mechanisms. 31 Even though the cornea is avascular the posterior ciliary artery provides important circulation to cornea support tissues and is the ideal vessel to study the impact of diabetes on vascular function as it relates to the eye. We had previously demonstrated that acetylcholine-mediated vascular relaxation of the posterior ciliary artery was impaired in type 2 diabetic rats. We have now obtained similar results in a rat model of FIGURE 2. Effect of streptozotocin diabetes and treatment with Ilepatril on thermal nociception and intraepidermal nerve fiber density. Top: Representative image of intraepidermal nerve fibers (white arrows) in skin from the hindpaw from a control rat. Bottom: Thermal nociception and intraepidermal nerve fiber density was examined as described in the Methods section. Data are presented as the mean 6 SEM for thermal nociception in seconds and intraepidermal nerve fiber profiles per millimeter. The number of rats in each group was the same as shown in Table 1 . *P < 0.05 compared to control rats; þP < 0.05 compared to diabetic rats. type 1 diabetes. Acetylcholine-mediated vascular relaxation by the posterior ciliary artery is due primarily to the generation of nitric oxide. 9 This makes the posterior ciliary artery very susceptible to oxidative stress. Superoxide quenches nitric oxide resulting in the formation of peroxynitrite. We have previously demonstrated that the generation of superoxide is responsible for decreasing acetylcholine-mediated vascular relaxation by epineurial arterioles from diabetic rats. 32 Future studies will explore whether this mechanism is responsible for impairing vascular reactivity in the posterior ciliary artery.
Another major finding of these studies was that treating diabetic rats with Ilepatril prevented the decreased innervation of corneal nerves into the corneal epithelium and improved corneal sensitivity as measured by Cochet-Bonnet filament esthesiometer but did not significantly improve tear secretion. Treatment of diabetic rats with Ilepatril also improved acetylcholine-mediated vascular relaxation by posterior ciliary arteries. Previously in studies of patients with diabetic neuropathy corneal nerve morphology was improved by improving associated risk factors. 5 Corneal nerve regeneration has also been demonstrated in diabetic patients following pancreas transplantation. 19 However, this is the first study to demonstrate that a pharmacological treatment in an animal model of diabetes can provide protection of corneal nerve structure and function. We have previously demonstrated that treating diabetic rats with Ilepatril, a vasopeptidase inhibitor, is a very effective treatment for diabetic neuropathy as determined by measuring the standard endpoints and vascular Representative images of nerves innervating corneal epithelium (A) and subbasal layer of the cornea (B) from control (left), diabetic (center), and diabetic treated with Ilepatril (right) rats. Innervation of the epithelium of the cornea was determined by immunohistochemical staining and subbasal layer by corneal confocal microscopy as described in the Methods section and the quantified data presented in C. Data are presented as the mean 6 SEM. The number of rats in each group was the same as shown in Table 1 . *P < 0.05 compared to control rats; þP < 0.05 compared to diabetic rats. reactivity of epineurial arterioles.
2,10-12 Vasopeptidase inhibitors block angiotensin converting enzyme and neural endopeptidase. 2 We have attributed the success of this drug to its ability to block the adverse effects of angiotensin II and protect vaso-and neuro-active peptides from degradation by neutral endopeptidase. 2 In humans angiotension converting enzyme and angiotensin II were found in endothelial and epithelial cells of the cornea. 33 Hyperactivity of the renin-angiotensin system induces inflammation and retinal neural dysfunction associated with diabetes and blockade of this system has therapeutic implications for diabetic retinopathy. 34, 35 Expression of neutral endopeptidase is increased by diabetes and we have detected neutral endopeptidase activity in the cornea of control rats (21.5 6 1.9 lM amido methyl coumarin/min/mg protein [n ¼ 5]). 10, 12 Whether neutral endopeptidase is increased by diabetes in the cornea will be determined.
In summary, these studies have demonstrated that decreased innervation of the corneal epithelium occurs early in diabetic rats and is accompanied by a decrease in corneal sensitivity and precedes changes in nerve morphometry of the subbasal layer of the cornea. These studies have also shown that treatment of diabetic rats with Ilepatril prevents and/or improves many of the corneal and vascular changes associated with early diabetes.
